The polyadenosine RNA binding protein, polyadenylate-binding nuclear protein 1 (PABPN1), plays key roles in post-transcriptional processing of RNA. Although PABPN1 is ubiquitously expressed and presumably contributes to control of gene expression in all tissues, mutation of the PABPN1 gene causes the disease Oculopharyngeal Muscular Dystrophy (OPMD), in which a limited set of skeletal muscles are effected. A major goal in the field of OPMD research is to understand why mutation of a ubiquitously expressed gene leads to a muscle-specific disease. PABPN1 plays a well-documented role in controlling the poly(A) tail length of RNA transcripts but new functions are emerging through studies that exploit a variety of unbiased screens as well as model organisms. This review addresses: (1) the molecular function of PABPN1 incorporating recent findings that reveal novel cellular functions for PABPN1 and (2) the approaches that are being used to understand the molecular defects that stem from expression of mutant PABPN1. The long-term goal in this field of research is to understand the key molecular functions of PABPN1 in muscle as well as the mechanisms that underlie the pathological consequences of mutant PABPN1. Armed with this information, researchers can seek to develop therapeutic approaches to enhance the quality of life for patients afflicted with OPMD.
Introduction
The function and fate of all cells is determined by their gene expression profile. While gene transcription is critical, post-transcriptional events also influence both spatial and temporal control of gene expression. Nascent messenger RNAs undergo extensive modification including capping, splicing and 3 -end processing. The 3 -end processing of transcripts involves a site-specific endonucleolytic cleavage followed by the addition of adenosine residues to the cleaved product, generating a polyadenosine or poly(A) tail. These tightly coupled and highly regulated events require the assembly and function of multiple protein complexes to yield a correctly cleaved and polyadenylated 3 -end. The poly(A) tails generated on mRNA transcripts are critical for regulating the fate of RNAs through modulating post-transcriptional processes including transcript stability, nuclear export and translation [1, 2] largely through interactions with poly(A) RNA binding proteins [3, 4] . These poly(A) binding proteins decorate poly(A) tails from the time of their synthesis in the nucleus until translation of the RNA in the cytoplasm. While a cytoplasmic poly(A) binding protein, PABPC1, mediates cytoplasmic effects on RNA stability and directly modulates translation [5] , the nuclear poly(A) binding protein, PABPN1, plays multiple roles in modulating the fate of RNA transcripts [6] [7] [8] [9] [10] [11] . Early biochemical characterization of PABPN1 revealed a key role in ensuring proper polyadenylation [6, 9] , but emerging evidence supports additional cellular roles for PABPN1 [12, 13] .
Understanding the function of PABPN1 specifically in skeletal muscle is particularly critical as mutation of the PABPN1 gene results in the muscle-specific disease, Oculopharyngeal Muscular Dystrophy (OPMD) [14] . OPMD usually presents in the fifth decade of life with its main symptoms being eyelid drooping and difficulty in swallowing due to weakness in the levator palpebrae superioris and pharyngeal muscles, respectively [15] . Depending on the specific patient population studied, additional weakness is noted in proximal limb, facial and extraocular muscles [16, 17] . Although life expectancy seems not to be shortened, frequent aspiration pneumonia, together with malnutrition due to difficulties in swallowing, significantly impair the quality of life of patients [18] . Autosomal dominant OPMD, which is by far the most prevalent form of the disease [14, 19, 20] , results from a GCN expansion within the coding region of the PABPN1 gene that creates a short alanine expansion (10 alanines expanded to 12-17 alanines) in the N-terminal domain of PABPN1. How this modest change in a ubiquitously expressed protein that plays key roles in posttranscriptional regulation of gene expression leads to a muscle disease that impacts a specific subset of muscles remains a major question in the field of OPMD research. The lack of a comprehensive understanding of the function and regulation of PABPN1 is one of the underlying causes behind the unanswered questions regarding the pathogenesis and tissuespecificity of OPMD. In this review we will first consider the function of PABPN1 including information that has emerged from studies of nuclear poly(A) binding proteins in model organisms. We then consider how ubiquitous expression of mutant PABPN1 could give rise to a tissue-specific disease. Ultimately, understanding the function of PABPN1 particularly in skeletal muscle could yield insight into the molecular events that underlie muscle pathology in OPMD and suggest therapeutic strategies for this devastating disease.
PABPN1 Function
Over the years a number of approaches have been employed to analyze the function of PABPN1. Early studies revealed that PABPN1 modulates polyadenylation through enhancing the processivity of the poly(A) polymerase (PAP) [6, 9, 10] . However, a number of recent studies have revealed new functions of PABPN1. A detailed understanding of the cellular role of PABPN1, especially in the muscles affected in OPMD, will provide insight not only into the function of a key regulator of post-transcriptional RNA processing and hence, a general modulator of gene expression, but also into the cellular processes that could be altered in OPMD.
Domain structure of PABPN1
A first step toward considering protein function is identifying the key domains within that protein and understanding what property those domains might confer on the protein of interest. The domain structure of the human PABPN1 protein is shown in Figure 1A . Studies over the years have analyzed PABPN1 and related nuclear poly(A) binding proteins using a variety of different approaches ranging from biochemical studies with purified proteins to use of genetic model organisms. The domain structures of the proteins from different species that have been exploited to provide insight into the function of PABPN1, together with their amino acid identity compared to human PABPN1, are shown in Figure 1B . These proteins include bovine and mouse PABPN1, which are nearly identical to human PABPN1, as well as more distantly related proteins in genetic model organisms including Drosophila melanogaster, Caenorhabditis elegans, and the fission yeast, Schizosaccharomyces pombe ( Fig. 1B) .
The PABPN1 protein can be divided into three major domains: an acidic N-terminus; a central ribonucleoprotein-type RNA binding motif (RRM); and a basic arginine-rich Cterminus ( Fig. 1A) . Within the N-terminal domain, the initiating methionine is followed immediately by a stretch of 10 alanines. In autosomal dominant OPMD, the most common form of the disease [14, 19, 20] , this alanine stretch is expanded to 12-17 alanines [14] . The N-terminal domain also contains a coiled-coil region, which is essential for the interaction of PABPN1 with the poly(A) polymerase (PAP) and hence, for modulating polyadenylation [9] .
PABPN1 contains a single RNA recognition motif (RRM), which mediates high affinity binding to poly(A) RNA [21] . Although no crystal structure is available for the intact PABPN1 protein, the RRM of PABPN1 has been crystalized at 2Å resolution [22] . While the RRM of PABPN1 is very different in sequence from most other known RRMs, including those found in PABPC1 (~20% similarity), it adopts a typical RRM fold, which consists of four-stranded antiparallel beta-sheets coupled with two perpendicular alpha-helices [22] . The only potential insight into how PABPN1 could recognize polyadenosine RNA comes from analysis of an embryonic cytoplasmic poly(A) binding protein in Xenopus laevis called embryonic poly(A) binding protein 2 (ePABP2) [23] . Although the function of this specialized poly(A) binding protein has not been fully characterized, ePABP2 has an RRM motif similar to that found in PABPN1. A solution structure for the ePABP2 RRM in complex with RNA [24] reveals some details of how this type of RRM could recognize polyadenosine RNA.
The C-terminal domain of PABPN1 contains no obvious motif but functional characterization reveals that this domain cooperates with the RRM to mediate RNA binding and also plays a role in the oligomerization of PABPN1 molecules [22, 25] . In addition, the C-terminal domain contains the nuclear localization signal (NLS) as well as arginine residues that are asymmetrically dimethylated [26, 27] . Methylation of these arginine residues has no effect on PABPN1 binding to RNA, but appears to modulate the nuclear accumulation of PABPN1 by weakening the interaction between PABPN1 and the PABPN1 nuclear import receptor, transportin [28, 29] .
Mammalian PABPN1
Biochemical analyses-As illustrated in Figure 2 , studies in mammalian cells implicate PABPN1 in a number of key post-transcriptional functions within the nucleus including control of poly(A) tail length ( Fig. 2-1 ) and poly(A) RNA export ( Fig. 2-3 ). More recently, PABPN1 has been implicated in poly(A) cleavage site selection ( Fig. 2 --2) and regulation of long non-coding RNAs (lncRNA) ( Fig. 2-4 ) [11] [12] [13] .
Early biochemical experiments defined a role for mammalian PABPN1 in stimulating polyadenylation by the poly (A) polymerase (PAP) ( Fig. 2-1 ) [6, 9] . Assays using purified mammalian proteins demonstrate that PABPN1 binds the growing mRNA tail after the distributive addition of ~10 adenosines by PAP. PABPN1 physically interacts with PAP resulting in a marked increase in the affinity of PAP for RNA without a change in PAP catalytic activity [9] resulting in a stimulation of the processivity of PAP. Structure-function studies have revealed important insights into how PABPN1 stimulates processive polyadenylation. RNA binding mutants of PABPN1, including those with amino acid changes in the RRM (Y175A or F215A) that decrease RNA binding, are unable to increase PAP affinity for RNA and as a result cannot stimulate polyadenylation, which provides evidence that PABPN1 tethers PAP to RNA as a mode of regulating poly(A) tail length [10] . Further studies provide evidence that the N-terminal domain of PABPN1 including the coiled-coil region interacts with PAP. Amino acid changes in this domain, especially at leucine 136, eliminate the capacity of PABPN1 to stimulate processive polyadenylation by PAP without altering the affinity of PABPN1 for poly(A) RNA [9] . Taken together, such studies support a model where PABPN1 binds to poly(A) RNA through the single RRM with a contribution from the C-terminal domain, while interaction with the poly(A) polymerase (PAP) occurs via the coiled-coil domain in the N-terminal region of PABPN1 ( Fig. 1A ). Both these interactions are consistent with an in vivo role for PABPN1 in stimulating polyadenylation of nascent transcripts by PAP. However, given new functions emerging for PABPN1 as described below and summarized in Figure 2 , continued structurefunction analyses will be required to understand the molecular interactions that are critical to the function of PABPN1.
In addition to directly interacting with PAP to modulate polyadenylation, PABPN1 also may indirectly modulate poly(A) tail length through facilitating an ongoing interaction between PAP and the cleavage and specificity factor (CPSF) [10] . This "molecular ruler" model posits that PABPN1 effectively counts the number of adenosines incorporated into the mRNA tail and terminates processive polyadenylation when a threshold size is reached [10] . One possible molecular explanation consistent with this model is that PABPN1 coats the elongating poly(A) tail, forming a spherical particle that allows the RNA to fold back and maintain an interaction between CPSF and PAP. On reaching a threshold length of ~250 adenosines, the structure of this polyadenylation complex is disrupted, and PABPN1 can no longer facilitate the interaction between CPSF and PAP terminating the processive phase of polyadenylation [10] . Support for this model comes from electron microscopy and scanning force microscopy images using synthetic poly(A) RNA and purified PABPN1 which visualized spherical particles that form in the presence of both PABPN1 and poly(A) RNA [30] .
Taken together, these biochemical studies have provided important insight into how PABPN1 can modulate poly(A) tail length, first enhancing processivity of PAP and then, following addition of a certain number of As, decreasing PAP processivity. Thus PABPN1 plays a key role in post-transcription regulation of gene expression. However, additional studies are required to understand the details of PABPN1 function in the cell nucleus. Several recent studies have revealed new roles for PABPN1 that now must be integrated with our understanding of the role that PABPN1 plays in modulating polyadenylation.
Cellular analyses of PABPN1 function-Although the biochemical work done to characterize PABPN1 is extremely informative, characterization of PABPN1 function in muscle cells, the cell type affected in OPMD, is essential. Depleting PABPN1 in primary muscle cells in culture using siRNA results in decreased cell proliferation and defects in differentiation [11] . Consistent with the characterized role of PABPN1 in polyadenylation, a significant decrease in poly(A) tail length of bulk RNA as well as poly(A) tail length of specific transcripts examined was also detected ( Fig. 2-1 ). An additional consequence noted was the nuclear accumulation of poly(A) RNA suggesting a defect in poly(A) RNA export from the nucleus ( Fig. 2-3 ) [11] . This finding could indicate that PABPN1 plays a direct role in the export of poly(A) RNA from the nucleus, a function that could be supported by the previous finding that PABPN1 shuttles between the nucleus and the cytoplasm [8] . Alternatively, defects in polyadenylation could impair upstream RNA processing steps required for efficient poly(A) RNA export leading to nuclear accumulation as an indirect consequence of decreased PABPN1 function. Importantly, the defects in proliferation observed in primary muscle cells were also detected in a fibroblast cell line [11] , highlighting the critical importance of understanding what makes muscle susceptible to expression of mutant PABPN1. Further studies will be required to understand the direct roles of PABPN1 in RNA biogenesis as well as the precise roles in muscle.
As a complement to examining the conventional role of PABPN1 in poly(A) tail length control, a recent unbiased RNAi-based candidate screen for regulators of alternative polyadenylation in the HeLa cancer cell line identified PABPN1 as the top hit among the RNA binding proteins examined [12] . Alternative polyadenylation plays a key and increasingly appreciated role in modulating gene expression as any change in the length of the 3 -UTR of a transcript can alter interactions with RNA binding proteins as well as microRNAs (miRNAs) significantly impacting transcript stability and translation [31] . Further analysis of the role of PABPN1 in alternative polyadenylation uncovered a link between PABPN1 and alternative polyadenylation/cleavage site selection in muscle cells and also identified changes in polyadenylation site selection in the muscle tissue of an OPMD mouse model (Fig 2--2) [12, 32] . Depletion of PABPN1 results in a significant shift in cleavage/polyadenylation site selection from distal sites to more proximal sites [12, 32] . The selection of a proximal polyadenylation site alters the post-transcriptional control of transcripts by abrogating the susceptibility to miRNAs that have binding sites downstream of the proximal polyadenylation signal [12] . The importance of alternative polyadenylation has recently been demonstrated in regulation of muscle stem cells through modulating miRNA-mediated regulation of the transcript encoding a key myogenic regulator [33] . A model has been proposed in which PABPN1 binds and masks proximal "weak" polyadenylation sites, enhancing the use of distal canonical polyadenylation sites [12] . Alternative polyadenylation is critical for regulation of gene expression [34, 35] and misregulation of transcripts critical for the maintenance and regeneration of skeletal muscles could contribute to OPMD pathogenesis.
In addition to modulating post-transcriptional regulation of messenger RNAs, PABPN1 has recently been implicated in the processing of long non-coding RNAs (lncRNAs) (Fig 2-4 ) [13] . Non-coding RNAs are increasingly being linked to the regulation of gene expression in a wide variety of tissues and in human disease [36] [37] [38] . With the goal of identifying genes regulated by PABPN1, Bachand and coworkers performed a global analysis of gene expression in a HeLa cell line depleted of PABPN1 [13] . No change in bulk poly (A) tail length was reported when PABPN1 was depleted in this cell type [13, 39] lending support to the idea that PABPN1 may have distinct roles in different cell types. Conclusions drawn from studies using different cell types can be influenced by the cell-specific spectrum of transcripts affected or examined. In this particular study, depletion of PABPN1 in HeLa cells resulted in a significant increase in the steady-state level of about 13% of the known lncRNAs, which is significantly higher when compared to altered expression of only approximately 4% of protein coding genes in these cells [13] . The lncRNAs that accumulate upon PABPN1 depletion are predominantly located close to transcription start sites of downstream genes and are almost exclusively transcribed in an orientation antisense to those downstream genes suggesting that the lncRNAs affected by PABPN1 could modulate expression of neighboring transcripts. PABPN1-mediated negative regulation of specific lncRNAs is dependent upon the activity of the evolutionarily conserved nuclear exosome, a complex of 3 -5 riboexonucleases responsible for processing and degradation of much of cellular RNA [13, 40] . Misregulation of specific PABPN1-dependent lncRNAs necessary for normal muscle function could contribute to the pathology in OPMD.
Roles for PABPN1 have also been identified in the cytoplasm (Fig. 2 ). One study implicated PABPN1 in the first round of translation of transcripts in the cytoplasm, termed the pioneer round of translation (Fig 2-5 ) [5] . This study presented the idea that PABPN1 accompanies transcripts from the nucleus to the cytoplasm and is then replaced by the conventional cytoplasmic PABPC1 following the first or pioneer round of translation. As the pioneer round of translation provides the substrate for a form of RNA quality control termed nonsense-mediated decay, where mRNAs with premature stop codon are targeted for degradation [5] , this role would implicate PABPN1 in this form of RNA quality control.
Another cytoplasmic function that has thus far only been defined in the cytoplasm of Drosophila oocytes is deadenylation via the CCR4-NOT complex (Fig 2-6 ) providing a mechanism to regulate translation of specific transcripts in the cytoplasm of these oocytes [41] . Further studies will be required to refine our understanding of cytoplasmic PABPN1 functions.
Unbiased approaches have expanded the functional repertoire of PABPN1 from stimulating canonical polyadenylation of messenger RNAs to previously unknown roles in alternative polyadenylation and regulation of non-coding RNAs highlighting the need to fully characterize the spectrum of PABPN1 functions. Many of the proteins involved in polyadenylation and other steps of 3 -end processing are evolutionarily conserved [42, 43] . Therefore, one approach to identify functions of the nuclear poly(A) binding proteins including PABPN1 is to exploit information gained from studies of these proteins in genetically tractable model organisms.
Nuclear Poly(A) Binding Proteins: What Can We Learn from Model Organisms?
As shown in Figure 1B , S. pombe, C. elegans, and D. melanogaster each express a nuclearlocalized poly(A) binding protein that shares the PABPN1 domain structure. Molecular studies in these genetically tractable model organisms have provided insight into the function and regulation of nuclear poly(A) binding proteins. Some of the new functions that have been uncovered from these model systems might be relevant to PABPN1 function in muscle cells and could provide clues to the pathogenesis of OPMD. However, the specialized roles of these proteins may have changed or been adopted by other nuclear poly(A) binding proteins over the course of evolution. Thus, the insight gained should be considered with the caveat that the respective poly(A) binding proteins from these organisms have not yet been demonstrated to be true functional orthologs of PABPN1.
Pab2 in Schizosaccharomyces pombe-While no apparent ortholog of PABPN1 is found in Saccharomyces cerevisiae, a nuclear poly(A) binding protein from the fission yeast Schizosaccharomyces pombe, Pab2, has been studied extensively [44] [45] [46] [47] [48] [49] . As shown in Figure 1B , Pab2 shares 53% identity and 63% similarity with human PABPN1, with a similar coiled-coil domain, RRM and an arginine rich C-terminus that contains a nuclear localization signal [47] . The pab2 gene is not essential in S. pombe but deletion of pab2 ( pab2) results in cold-sensitive cell growth. In contrast to results in muscle cells, deletion of pab2 causes hyperadenylation of RNAs [45] perhaps suggesting differential regulation of specific RNA targets. Pab2, which is co-transcriptionally recruited to specific transcripts prior to initiation of polyadenylation regulates both the biogenesis and stability of these target transcripts [44] . Additional studies demonstrate that Pab2 interacts with components of the nuclear exosome (Rrp6 and Dis3) and plays a role in the synthesis of small noncoding nucleolar RNAs (snoRNA) ( Fig. 2-7 ). Genome-wide transcriptome analysis of pab2 cells shows that the steady-state level of the majority of transcripts do not change significantly upon loss of Pab2 [46] ; however, many snoRNAs are upregulated in the absence of Pab2. These snoRNAs have poly(A) tails much longer (~300 adenosines) than in wildtype cells, which could explain the hyperadenylation observed in pab2 cells [45, 46] .
Pab2 also plays a role in turnover of inefficiently spliced mRNA transcripts [48] . In a further link to control of RNA levels, the interaction of Pab2 with the nuclear exosome is vital for the negative regulation of meiotic transcripts during mitosis in S. pombe ( Fig. 2-8 ). Pab2, in conjunction with another protein, Mmi1, and the nuclear exosome, directs polyadenylationmediated degradation of meiotic transcripts in mitotic yeast [49, 50] . The association of Pab2 with the nuclear exosome to modulate levels of non-coding RNAs as well as inappropriately-expressed meiotic transcripts is reminiscent of recent data implicating mammalian PABPN1 in regulating lncRNAs [13] . This common function in targeting RNAs for destruction could reveal a general role for Pab2/PABPN1 in ensuring that aberrant or inappropriate RNAs are removed from the cell imparting quality control on the cellular RNA pool.
PABP-2 in Caenorhabditis elegans-PABP-2, the PABPN1-related nuclear poly(A)
binding protein in C. elegans ( Fig. 1B) , was originally identified in a reverse screen for suppressors of the loss of function lethality of let-7, a highly conserved developmentally essential miRNA [51] . Depletion of PABP-2 by RNA interference rescues the phenotypes associated with loss of let-7 function [52] . The precise mechanism underlying this suppression is not well understood since PABP-2 depletion does not change the levels of let-7 or downstream targets [52] . Subsequent studies of PABP-2 function revealed that worms deleted for PABP-2 die in utero or at an early larval stage, indicating a critical developmental role for PABP-2 in larval development [52] . PABP-2 expression is temporally regulated, with protein levels decreasing significantly at later stages of larval development. Loss of function of PABP-2 also causes premature differentiation of the stem cell-like seam cells that are critical for larval development. C. elegans PABP-2 lacks the Nterminal region that carries the polyalanine stretch expanded in OPMD; however, the protein does have homology to human PABPN1 in the coiled-coiled domain, RRM and the Cterminus ( Fig. 1B ). Despite this homology, developmental defects are the only phenotype associated with PABP-2 loss of function, with no significant effect on steady state mRNA levels and/or global translation. Detailed characterization of the effects of PABP-2 depletion on poly(A) tail length, nuclear export and alternative polyadenylation would yield information about whether this protein modulates post-transcriptional processing in ways similar to those described for other nuclear poly(A) binding proteins. In addition, understanding the nature of the genetic suppression of let-7 may provide clues into the function of PABP-2 in C. elegans and thus yield insight into whether information that emerges from studies in this model could inform studies of human PABPN1.
PABP2 in Drosophila melanogaster-The Drosophila melanogaster nuclear poly(A)
binding protein, PABP2, shows considerable similarity to human PABPN1 ( Figure 1B ). Like PABPN1, PABP2 contains a coiled-coiled domain, a single RRM, and a C-terminal domain containing multiple arginine residues. Consistent with biochemical studies of mammalian PABPN1, PABP2 can stimulate polyadenylation by PAP as assessed with purified recombinant proteins [53] . PABP2 is a primarily nuclear protein that is expressed throughout the life cycle of flies and is essential for viability [41, 53] . Flies lacking PABP2 (Pabp2 55 , a null allele) die in late embryonic or early larval stages of development. Interestingly, a mutant (I61S) form of PABP2 (analogous to the RNA binding mutant, L136S in human PABPN1 [9] ), which does not interact with or stimulate PAP, cannot rescue the lethality of the null allele. This result indicates that the interaction of PABP2 with PAP is required for the essential function of PABP2 in flies. There is a significant shortening of poly(A) tails of both specific mRNA transcripts and bulk poly(A) RNA in Pabp2 null larvae, indicating that PABP2 stimulates polyadenylation in flies [41] . In addition to this nuclear role in polyadenylation, PABP2 also has an important role in the cytoplasm of Drosophila oocytes and early embryos that appears to be in opposition to its nuclear function ( Fig. 2-6 ). PABP2 along with the Drosophila PABPC1 homolog and the deadenylase, CCR4, mediate the trimming of poly(A) tails of developmentally critical transcripts [41] . These distinct roles of PABP2 in Drosophila lend credence to the idea that nuclear poly(A) binding proteins, including PABPN1, could have distinct effects on different RNA targets and also highlight the idea that the function of PABPN1 could differ depending on cellular compartment.
PABPN1 and Muscle Disease
OPMD is caused by an expansion of a short (GCN) trinucleotide repeat in the coding sequence of PABPN1 (GCG 6 expanded to GCG [8] [9] [10] [11] [12] [13] ). In autosomal dominant OPMD, the stretch of 10 alanines at the N-terminus of PABPN1 ( Fig. 1A) is expanded to 12-17 alanines [14] . While GCG 6 is the normal repeat length, a small percentage of the population carries a GCG 7 polymorphism [14] . Homozygosity for the GCG 7 allele results in a rare autosomal recessive form of OPMD [14] . Patients that are compound heterozygotes for a GCG 7 allele and a GCG 9 expansion develop more severe disease phenotypes than patients that have only a single GCG 9 expansion. These observations suggest that the GCG 7 polymorphism can act as a modifier of autosomal dominant OPMD [14] .
A hallmark of the autosomal dominant form of OPMD is the presence of nuclear aggregates in muscle tissue [54] similar to other polyalanine and polyglutamine diseases [55] [56] [57] . A number of approaches have been used over the years to try and understand how a rather modest change in PABPN1, addition of a few alanines, can lead to the dystrophic phenotype that occurs in OPMD. In autosomal dominant OPMD, one mutant allele of PABPN1 replaces one normal allele of PABPN1. Thus, disease pathology could result from loss of one normal allele, gain of a mutant allele or the combination of both events. Below we consider the approaches used to study the impact of mutant PABPN1 on cellular function followed by the current hypotheses proposed to explain how mutant PABPN1 causes pathology in cells with special emphasis on muscle cells as this is the tissue impacted in OPMD.
Approaches used to study effects of mutant PABPN1
Biochemical studies-A few studies have been performed to directly examine the function of alanine-expanded PABPN1. Biochemical studies with recombinant proteins reveal that alanine-expanded PABPN1 function can enhance the processivity of PAP in a manner comparable to wildtype PABPN1 (E. Wahle, personal communication) [3] . Thus, at least in the context of purified proteins, mutant PABPN1 is not impaired in one key function attributed to the protein. More molecular details will need to emerge before alanineexpanded PABPN1 can be biochemically assessed in other cellular processes such as alternative polyadenylation and RNA quality control.
In vitro studies have also been performed to examine the propensity of mutant and wildtype PABPN1 to form aggregates. Work using purified proteins demonstrates that the N-termini of both wildtype and alanine-expanded PABPN1 form fibrils similar to the nuclear aggregates characteristic of OPMD [58] . Purified fragments of the N-terminal domain of PABPN1 carrying an expanded stretch of 17 alanines show a greater propensity to form fibrils that are more resistant to solubilization as compared to fragments with 10 alanines [59] . However, subsequent work using full-length PABPN1 revealed that fibril formation is independent of the alanine tract and that the C-terminal domain confers aggregation [60] as both the wildtype and alanine-expanded PABPN1 proteins could form aggregates and removing the N-terminal stretch of alanines did not prevent aggregation [60] . Thus, these in vitro studies do not support a model where alanine-expanded PABPN1 is more prone to aggregation, at least in vitro, than the wildtype protein. Clearly, further studies as well as other complementary approaches are required to understand how expression of a modestly altered PABPN1 protein leads to muscle defects in OPMD.
Cell culture studies-Cell culture models for OPMD have been established by overexpressing alanine-expanded PABPN1 in a variety of cell types [25, [61] [62] [63] [64] [65] . Although many of these studies have employed non-muscle cell types, such approaches have provided insight into some of the proteins that may be present in the nuclear aggregates found in OPMD as well as identified cellular pathways that may be altered upon expression of mutant PABPN1.
Overexpression of alanine-expanded PABPN1 in multiple cell types results in the formation of nuclear aggregates reminiscent of those found in OPMD muscle tissue. These aggregates contain poly(A) RNA, components of the ubiquitin-proteasome machinery and RNA binding proteins including PABPN1 [54, 63, [65] [66] [67] [68] [69] . Time-lapse microscopy performed in HeLa cells overexpressing wildtype or alanine-expanded PABPN1 shows that PABPN1 can freely move into and out of the aggregates [61] . Similar time-lapse experiments performed in the human A549 cancer cell line overexpressing alanine-expanded PABPN1 demonstrate that the characteristic nuclear aggregates can disassemble during mitosis and are thus not irreversible [70] . The aggregates formed by alanine-expanded PABPN1 are larger, greater in number and more resistant to salt extraction than those formed by the wildtype protein [25, 62] suggesting that mutant PABPN1 does have properties that could contribute to an increase in dwell time of macromolecules within the aggregates.
These cell culture studies suggest that decreased PABPN1 function within the nucleus may be a critical component of cellular dysfunction. Targeting alanine-expanded PABPN1 to the cytoplasm by either attaching a nuclear export signal or deleting the nuclear localization signal prevents formation of aggregates in HeLa cells [71] . Formation of nuclear aggregates in HeLa cells or mouse myogenic C2 cells is also abrogated by mutations in domains of alanine-expanded PABPN1 that are required for interaction with RNA or the poly(A) polymerase [61] . Taken together, these data argue that the deleterious effects of mutant PABPN1 require not only the nuclear environment but also maintenance of the functional interactions of PABPN1, which suggests that the expanded alanine tract is not sufficient to trigger aggregation in the absence of other key interactions.
Although apoptosis has not been reported in muscles of OPMD patients, markers of apoptosis are significantly increased in some of these cell culture studies [69, 72, 73] . Experiments performed in HeLa and human embryonic kidney (HEK 293) cells identify the p53 pathway as a key mediator of apoptosis resulting from expression of alanine-expanded PABPN1 [72] , which is similar to the mechanism of neuronal apoptosis linked to some polyglutamine expansion diseases [74, 75] . Expressing both wildtype and alanine-expanded PABPN1 simultaneously in monkey fibroblast cells (COS) decreased the expression of apoptotic markers when compared to cells expressing alanine-expanded PABPN1 alone. This anti-apoptotic activity of wildtype PABPN1 does not correlate with a decrease in the formation of nuclear aggregates, suggesting that the aggregates are not solely responsible for cellular dysfunction [76] .
Although OPMD affects skeletal muscle, surprisingly little work has been done to examine muscle-specific functions of PABPN1. Defining the muscle-specific roles of PABPN1 is critical for understanding the pathogenesis of OPMD. Although mutant PABPN1 overexpression studies have predominantly been performed in cell culture systems unrelated to muscle [25, 67, 69, 73] , some studies have examined myogenic cell lines using this approach. Overexpression of alanine-expanded PABPN1 in the C2C12 mouse muscle cell line resulted in decreased protein levels of muscle-specific proteins such as muscle creatine kinase, MyoD and myogenin [64] . In addition to the altered expression of muscle-specific proteins, the nuclear aggregates showed sequestration of myogenic transcription factors, Pax3/7 and Myf5, which are vital for muscle differentiation [64, 77, 78] . Overexpression of wildtype or alanine-expanded PABPN1 at relatively low levels in myoblasts did not result in altered expression of muscle-specific proteins [79] . However, these cell lines did show a marked dysregulation of gene expression similar to that observed in skeletal muscles of an OPMD mouse model and in OPMD patients [80, 81] . Some of the genes affected were in the ubiquitin-proteasome pathway, which is significantly impacted upon expression of mutant PABPN1 in vitro as well as in OPMD animal models and in OPMD patients [80] . This study also revealed that mutant PABPN1 forms nuclear aggregates faster than the wildtype protein in these cell lines, which could be due to the decreased ubiquitination and proteasomal clearance of mutant PABPN1 [79] . Together these findings led to speculation that the sequestration of critical muscle-specific proteins in aggregates could lead to functional depletion triggering a compensatory upregulation in the expression of the corresponding genes.
Some caveats need to be considered when interpreting the data from these cell culture studies. Historically these experiments have been performed using non-myogenic cell lines though recent studies have begun to focus on understanding the pathology of mutant PABPN1 in muscle cell lines [61, 64, 79] . In addition, all these models rely on various levels of overexpression of alanine-expanded PABPN1 in cells that retain the normal copy number of wildtype PABPN1. Thus, this scenario does not recapitulate the genotype of autosomal dominant OPMD patients. In fact, overexpression of wildtype PABPN1 can alter polyadenylation as shown in Figure 3B where similar effects on poly(A) tail length are detected in primary mouse muscle cells overexpressing either wildtype or mutant PABPN1. Thus, care needs to be taken in such models to ensure that changes detected result from the presence of mutant PABPN1 and not merely an increase in total PABPN1 protein levels. Comparing different studies is further complicated as the level of overexpression of mutant PABPN1 likely differs markedly from study to study.
While these in vitro models have identified some intriguing dysregulated pathways that could contribute to muscle-specific pathology in OPMD, results obtained must be translated to in vivo systems to assess the effects of mutant PABPN1 in the context of the whole organism. Various in vivo systems have been developed both to understand the molecular events that underlie disease phenotypes and also to identify possible therapeutic strategies.
Transgenic animal models-Animal models of OPMD have been established in C. elegans, D. melanogaster and mice (Table 1) . While these models differ from one another in the details, all are standard transgenics and thus contain two normal alleles of PABPN1 and one mutant allele of alanine-expanded PABPN1 integrated randomly into the genome.
OPMD models have been established and exploited in C. elegans and D. melanogaster using muscle-specific overexpression of alanine-expanded PABPN1 ( Table 1) [82] [83] [84] [85] . As the nuclear poly(A) binding proteins in C. elegans and D. melanogaster do not contain the alanine stretch that is expanded in OPMD (Fig. 1B) , these models depend on expression of alanine-expanded human (C. elegans) or bovine (D. melanogaster) PABPN1. In both models, expression of mutant PABPN1 results in muscle degeneration that manifests as mobility defects in C. elegans and wing position abnormalities in D. melanogaster. These model organisms with obvious muscle phenotypes are valuable tools because they can be easily manipulated to address mechanistic questions and also used for genetic screening. In these genetically tractable organisms, these approaches are rapid and inexpensive providing an excellent discovery platform. Thus, both worm and fly models of OPMD have been used to analyze mechanistic aspects of mutant PABPN1 required to confer muscle pathology and to screen for modifiers of OPMD pathology in vivo that can be further validated in more complex model organisms.
The C. elegans model of OPMD provides insight into whether aggregate formation and muscle pathology are linked to one another. In fact, these studies reveal that the marked muscle and mobility defects that occur upon overexpression of alanine-expanded PABPN1 in this model do not directly correspond to the presence of nuclear aggregates [82] . The Drosophila model has been used to dissect the functions of mutant PABPN1 required to confer pathology [84] . These studies suggest that the RNA binding function of PABPN1 is essential for the development of muscle pathology as expression of alanine-expanded PABPN1 with mutations in the RRM domain does not cause defects in muscle function. Further results from this study argue that the alanine expansion in PABPN1 is not absolutely required to confer muscle defects as expression of wildtype bovine PABPN1 or bovine PABPN1 lacking the alanine tract altogether could induce wing position defects leading these authors to suggest that an increase in the overall levels of PABPN1 protein confers muscle phenotypes independent of the alanine expansion [84] . Results from these mechanistic studies suggest that factors other than polyalanine toxicity may contribute to the development of OPMD pathology.
In addition to providing mechanistic insight into the function of mutant PABPN1, these model organisms can be valuable tools for identifying potential therapeutic targets. For example, in the worm OPMD model, longevity and cell metabolism regulatory molecules modulate the effects of mutant PABPN1 expression [82, 83] . Genetic studies exploiting the Drosophila OPMD model identify molecular chaperones, anti-apoptotic molecules and antiaggregation compounds as potential modifiers of muscle phenotypes [84] [85] [86] . Antiaggregation compounds have also shown promise in cell culture and mouse models of OPMD [64, 73, 76, 87, 88] showing that results from Drosophila have the potential to be relevant in mammalian systems and possibly in therapeutic applications.
Although value exists in the use of these genetically tractable models of OPMD, there are also clear caveats that need to be considered. Skeletal muscle structure in both flies and worms is distinct from humans [89, 90] . Given that pathology in OPMD occurs only in a specific subset of skeletal muscles, there could be aspects of the physiology of these specific muscles that are critical to development of disease phenotypes that are not recapitulated in simple models. Evolutionary differences in signaling pathways and target proteins could influence the direct translational potential of these model organisms as screening tools.
Multiple transgenic mouse models of OPMD have also been established to understand the underlying pathologic mechanisms and test potential therapeutic compounds. These models recapitulate some of the phenotypes associated with the human disease. Details of these transgenic mouse models are summarized in Table 1 . In most of these mouse models, transgenic expression of the alanine-expanded human PABPN1 occurs via a ubiquitous promoter. For example, Hino et al. employed the cytomegalovirus early enhancer element/ chicken beta actin (CAG) promoter for transgenic expression of mutant PABPN1 and detected muscle degeneration that worsened with age and was most prominent in the eyelid and pharyngeal muscles [91] . However, the muscle pathology in these mice was accompanied by growth retardation and a shortened lifespan that are not features of the human disease. Transgenic expression of mutant PABPN1 using the putative PABPN1 promoter in a model established by Dion et al. resulted in a primarily neuronal phenotype characterized by the presence of nuclear aggegrates that were accompanied by coordination defects and a peripheral neuropathy [92] . Although reports of neurological involvement exist in confirmed cases of OPMD [93] [94] [95] [96] , this model is not representative of the muscle pathology associated with the disease. Most recently, ubiquitous expression of transgenic alanine-expanded PABPN1 using an inducible gene expression system generated by Mankodi et al. revealed progressive skeletal muscle atrophy and dilated cardiomyopathy [97] . Appearance of nuclear aggregates in the skeletal muscle, heart and brain of these mice preceded the development of myopathy. Although cardiomyopathy is not a feature of the human disease, this model of OPMD provides insight into the reversibility of the muscle pathology as turning off the expression of the mutant PABPN1 resulted in a resolution of the aggregates and a significant improvement in the muscle pathology [97] .
Only the mouse model established by Davies et al. utilized muscle-specific overexpression of alanine-expanded PABPN1. These mice show nuclear aggregates along with apoptotic markers and progressive muscular weakness [87] . Microarray studies on RNAs isolated from skeletal muscles of these mice revealed deregulation of genes coding for mRNA processing, ubiquitin-proteasome and muscle cell differentiation factors as compared to wildtype mice or control mice overexpressing wildtype PABPN1 [80] . Progressive muscle atrophy was observed especially in fast glycolytic fibers, which contained more nuclear aggregates and were more severely affected as compared to oxidative muscle fibers [81] . This OPMD mouse model has been used most extensively for understanding disease pathogenesis and also as a screening tool for potential therapeutic interventions. Treatment of these transgenic animals with anti-aggregation drugs like cystamine, trehalose and doxycycline decreases nuclear aggregates, inhibits cell death and delays the development of muscle pathology [76, 87, 88] . Transgenic mice simultaneously expressing high levels of both wildtype and alanine-expanded PABPN1 in skeletal muscle show decreased apoptosis of muscle cells and improved muscle function compared to mice that overexpress alanineexpanded PABPN1 alone [98] . This decrease in muscle pathology is not accompanied by a decrease in nuclear aggregates. This mitigation of muscle phenotype without a corresponding resolution of aggregates argues that nuclear aggregates may not be directly involved in OPMD pathology in vivo.
Several caveats should be kept in mind when interpreting the data from these transgenic mouse models of OPMD. As with the in vitro cell culture models, the level of overexpression of mutant PABPN1 varies markedly among these models and in some cases is up to 30-fold higher than endogenous levels [87] . In addition, issues with the integration site of the transgene and lack of the proper 5 -and 3 -gene regulatory regions [92] confound analyses of these transgenic mice. Furthermore, transgenic expression of PABPN1 could cause different underlying molecular pathologies that lead to muscle disease in these overexpression models that are not found in OPMD patients. Importantly, none of these transgenic mouse models fully recapitulate the disease seen in OPMD patients. Thus, these mouse models do not accurately reflect either the genotype or the phenotype of patients afflicted with the disease. A mouse model with one allele each of wildtype and mutant PABPN1 would be representative of the genotype found in autosomal dominant OPMD and allow us to better understand the disease process.
OPMD patient cells and tissues-A limited number of experiments have been
performed using muscle samples from autosomal dominant OPMD patients aimed at understanding the molecular changes that arise in the disease which may give clues to the underlying pathologic mechanisms. A major advantage in utilizing human OPMD samples is that cellular and molecular phenotypes result from endogenous levels of wild type and mutant PABPN1 as opposed to the overexpression models discussed above. Furthermore, patient tissues provide a comparison to evaluate the utility of various OPMD models assessing how well they recapitulate the molecular phenotypes present in the disease. One question that is uniquely poised to be answered using patient tissues is whether wildtype and mutant PABPN1 are present at equal levels in cells. Recently the steady-state level of the transcript corresponding to the alanine-expanded PABPN1 allele was shown to be ~1.5-fold higher than the steady-state level of the transcript corresponding to the wildtype PABPN1 allele in OPMD muscles [99] . This finding suggests that mutant PABPN1 expression is dysregulated. However, current antibodies cannot distinguish between the wildtype and mutant PABPN1 proteins to determine whether this increase in transcript level leads to corresponding changes in mutant protein levels.
Patient tissues are also useful to address whether key functions of PABPN1 or molecular pathways are altered in the disease. Currently only polyadenylation has been assessed using cultured, satellite cell-derived myoblasts isolated from deltoid muscles of OPMD patients [66] . This study did not reveal any differences in bulk poly(A) tail length in these patient myoblasts compared to control myoblasts. To conclusively determine whether polyadenylation or other emerging functions (Fig. 2) are altered, studies in affected patient tissues are required. Microarray studies have been valuable in elucidating molecular pathways, such as the ubiquitin proteasome system, that are altered in OPMD muscle tissue [80, 81] . Other approaches such as a cytokine antibody array reveal differential expression of factors involved in fibrosis in affected and nonaffected muscles in OPMD patients suggesting potential pathways to target for therapy [100] . Cell culture studies of OPMD satellite cell-derived myoblasts can assess whether these critical stem cells may be functionally impaired. Satellite cells isolated from affected cricopharyngeal muscles of OPMD patients gave rise to myoblasts in vitro that underwent premature proliferative arrest suggesting that the ability of OPMD myoblasts to proliferate and fuse with myofibers may be hindered in vivo [100] . Furthermore, a recent study showed an increased number of Pax7 + cells both in the satellite cell position and in the interstitium in cricopharyngeal muscle of OPMD patients as compared to control cricopharyngeal muscle [101] . These observations suggest dysregulation of satellite cells in this disease.
Although OPMD biopsy samples provide some clear advantages over the animal models described above several unique problems are inherent in the use of human biopsy material. These problems include limited quantities of tissues and the influences of genetic/ environmental variation. Furthermore, the inability to sample multiple time points during disease progression in the same patients makes it hard to distinguish between molecular events that cause pathology from those that are secondary to the dystrophic changes in the muscles. Finally, one should consider whether results of a small biopsy taken from an area of muscle whose pathologic status is unknown is reflective of the muscle as a whole.
Molecular mechanisms by which mutant PABPN1 may cause disease
Experiments using the model systems described above have led to speculation regarding how mutant PABPN1 could impact cellular function. Multiple models currently exist to explain the mechanism by which alanine-expanded PABPN1 could contribute to pathology in OPMD (Figure 4) . The challenge in the future will be to integrate the information gleaned from these different studies into a cohesive model to understand the muscle-specific nature of OPMD.
Nuclear aggregates-The filamentous nuclear aggregates found in OPMD are similar to aggregates associated with the pathogenesis of polyglutamine expansion disorders and some of the other polyalanine expansion diseases [55] [56] [57] . As with a number of other polyglutamine and polyalanine expansion diseases, much of the research in the OPMD field has focused on the role of these aggregates [55, 57, 64, 69, 71, 76, 88, 102, 103] . Although they are considered a pathological hallmark of the disease, nuclear aggregates are found in less than 20% of myofiber nuclei in muscle sections from OPMD patients [54, 101, 104] . Furthermore, nuclear aggregates containing wildtype PABPN1 have been found in hypothalamic neurons under physiologic conditions, which is in agreement with in vitro data demonstrating the propensity of the wildtype protein to aggregate [105] . A multitude of experiments that overexpressed mutant PABPN1 have made the case for a toxic gain-offunction model in which alanine-expanded PABPN1 leads to apoptosis resulting from the formation of toxic aggregates ( Fig. 4-A) . Evidence cited in favor of this model is the ability of anti-aggregation drugs to ameliorate the pathology caused by the overexpression of alanine-expanded PABPN1 in vitro and in vivo [76, 87, 88] . However, both wildtype and alanine-expanded PABPN1 proteins can form these aggregates and removing the N-terminal stretch of alanines does not prevent aggregation [61] . Multiple lines of evidence have also demonstrated that formation of these nuclear aggregates does not always correlate with detrimental effects of expressing mutant PABPN1 [82, 84, 98] .
A variation on the gain-of-function model via formation of toxic nuclear aggregates is that alanine-expanded PABPN1 could act via a dominant-negative mechanism in which the mutant protein inhibits the function of the wildtype protein [106] [107] [108] . Although such an effect has been demonstrated in synpolydactyly, which is caused by a polyalanine expansion in the HoxD13 transcription factor [109] , no experimental evidence exists suggesting such a dominant-negative effect occurs in OPMD.
In addition to having a gain-of-function toxic effect, nuclear aggregates could sequester RNAs (Fig. 4-B) or proteins including PABPN1 ( Fig. 4 -C) essential for proper cellular function. Recent data from muscle sections of OPMD patients and primary human myoblasts overexpressing mutant PABPN1 show that nuclear aggregates develop in close proximity to nuclear speckles, and progressively deplete the speckles of both PABPN1 and poly(A) RNA [110] . This disruption of nuclear speckles is likely to have an adverse effect on nascent mRNA processing and could account for the dysregulation of gene expression observed in OPMD. In autosomal dominant OPMD, the cells already lack one allele of wildtype PABPN1; any further depletion of this critical RNA processing factor could lead to cellular dysfunction and pathology could ensue. In this case, anti-aggregation compounds that ameliorate the deleterious effects of expressing mutant PABPN1 could release functional wildtype PABPN1 or critical RNA from the aggregates increasing the functional pool of these vital molecules.
Loss of PABPN1 function-An emerging concept in OPMD pathology is that expression of mutant PABPN1 results in a relative loss of PABPN1 function in cells. There is precedence for a loss of function hypothesis in other diseases that are associated with the formation of nuclear aggregates. In the case of both polyalanine and polyglutamine expansion disorders, mutations leading to loss of function of the respective proteins give rise to similar disease phenotypes, although only the expansions result in the formation of nuclear aggregates [56, 109, 111, 112] . As discussed above, one mechanism that could lead to loss of PABPN1 function is sequestration of PABPN1 in nuclear aggregates ( Fig. 4-C) , which would lead to functional depletion of PABPN1. This model includes elements of the nuclear aggregate and loss of function models thus unifying the two models. Another potential mechanism stems from the fact that in autosomal dominant OPMD, patients have one allele of each of the wildtype and mutant PABPN1; thus, the steady-state levels of wild type PABPN1 protein would be predicted to be 50% lower than in normal individuals ( Fig.  4-D) . Although both wildtype and alanine-expanded PABPN1 seem to have similar capacities to promote polyadenylation in vitro and in cultured cells [3, 66] (Fig. 3) , the ability of mutant PABPN1 to execute the other functions of wildtype PABPN1 has not been analyzed in vitro or in vivo so an impaired function of mutant PABPN1 could contribute to muscle pathology ( Fig. 4-E) . Finally, proteomic analysis of C2C12 muscle cell lysates identified multiple proteins that differentially interacted with recombinant, purified wildtype or mutant PABPN1 [65] . Variability in protein interactions or altered affinity for critical protein partners of mutant Ataxin-1 has been previously demonstrated to contribute to disease pathogenesis in spinocerebellar ataxia 1, a polyglutamine expansion disorder [113] . The alanine expansion in PABPN1 may similarly prevent interaction of critical protein partners with PABPN1 thus leading to a loss of functional PABPN1 ( Fig. 4-E) .
Why is OPMD a muscle-specific disease?
Why expression of alanine-expanded PABPN1 leads to disease in skeletal muscle despite ubiquitous expression is unknown but may be related to unique characteristics of this tissue.
Skeletal muscle is one of the few tissues that display extensive regenerative ability. This regenerative ability is due to the ability of a type of resident muscle stem cell called satellite cells to undergo myogenesis. In response to injury, satellite cells begin to proliferate and give rise to progeny called myoblasts. During muscle degeneration and regeneration, these myoblasts differentiate and fuse to form new myofibers, hence restoring normal tissue architecture. Defects in myoblast proliferation, differentiation and fusion coupled with dysregulation of satellite cells with aging [114, 115] could contribute to the pathology observed in OPMD. Indeed, satellite cells isolated from cricopharyngeal muscles of OPMD patients showed defects in cell proliferation in vitro [100] but whether poor cell proliferation results from direct effects of mutant PABPN1 on cellular function or is an indirect affect arising from chronic cycles of degeneration/regeneration in affected muscles and reflects exhaustion of the stem cell pool as in other dystrophies [116] is unknown.
A further conundrum in OPMD is why a limited subset of muscle groups are affected. PABPN1 function may have greater importance in certain muscle types than others, which may explain the very specific muscle pathology observed in OPMD. In particular, specific physiologic properties of craniofacial muscles such as the extraocular, tongue and pharyngeal muscles may make them particularly vulnerable to alanine expansion of PABPN1. Very limited molecular studies have been performed on pharyngeal muscles to date [100, 101] , but intrinsic differences exist between craniofacial and limb muscles [101, 117, 118] . Furthermore, innate differences are also noted in the satellite cells of craniofacial and limb muscles [101, 119] . These differences may reflect the distinct embryonic origins of craniofacial muscles compared to limb muscles [120] . Intriguingly, the number of Pax7+ satellite cells is increased in normal human cricopharyngeal muscles compared to other muscles, with an even greater increase noted in cricopharyngeal muscles of OPMD patients in the absence of any signs of muscle regeneration at the time point analyzed [101] . Whether these changes in satellite cell number contribute to the pathogenesis of OPMD is unknown, but merits further investigation.
Concluding Remarks
Our knowledge about the cellular functions of PABPN1 has greatly expanded in recent years. Unfortunately far less is understood about how expression of alanine-expanded PABPN1 leads to disease much less a muscle-specific disease that affects a limited subset of skeletal muscles in the body starting in middle age. Further research on the various functions of PABPN1 especially in muscle cells is likely to uncover key information that will inform our understanding of the pathologic mechanisms at work in OPMD and provide potential opportunities for therapeutic intervention.
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Poly shown, only the human, bovine and mouse PABPN1 proteins contain the N-terminal stretch of alanines that is expanded in OPMD. The Overall Protein Identity/Similarity as compared to human PABPN1 is indicated to the left of each domain structure. The similarity between the domains of different nuclear poly(A) binding proteins and the corresponding domain of human PABPN1 is indicated as percent amino acid identity within each domain.
Fig. 2. Schematic of PABPN1 functions identified in metazoan cells and fission yeast
In metazoan cells (top), PABPN1 (represented as blue circles) is implicated in functions within both the nucleus and the cytoplasm. Nuclear functions linked to PABPN1 include: (1) binding to the poly(A) tail of nascent mRNA transcripts to stimulate polyadenylation by the poly(A) polymerase (PAP) [9] in conjunction with the cleavage and polyadenylation specificity factor (CPSF); (2) modulating alternative polyadenylation through binding to and masking "weak" proximal cleavage/polyadenylation sites allowing the cleavage and polyadenylation machinery to assemble at distal "stronger" sites [12] ; (3) following polyadenylation, accompanying the transcript to the nuclear pore complex (NPC) and directly or indirectly aiding in nuclear RNA export [11, 66] ; (4) regulating the steady-state level of long non-coding RNAs (lncRNA) by mediating their turnover via the nuclear exosome [13] . In the cytoplasm, functions linked to PABPN1 include: (5) contributing to a pioneer round of translation that is vital for mRNA quality control [5] where the transcript is associated with the nuclear cap binding complex (CBC) consisting of CBC20 and CBC80 as well as the ribosome after which PABPN1 is replaced by cytoplasmic PABPC1; and (6) as identified only in Drosophila thus far, cytoplasmic deadenylation of transcripts via the CCR4-NOT complex [41] . In the fission yeast S. pombe (bottom), the nuclear poly(A) binding protein, Pab2, is involved in (7) processing of small nucleolar RNAs [46] and (8) turnover of meiotic transcripts via the nuclear exosome [49] .
Fig. 3. Overexpression of wildtype or mutant PABPN1 similarly impacts poly(A) tail length in murine myoblasts
Pure cultures of primary mouse myoblasts from limb muscles were infected with retrovirus expressing wildtype (Ala 10) or expanded (Ala 17) murine PABPN1. As a control, cells were infected with retrovirus carrying an empty vector (Control). (A) Protein extracts were analyzed by immunoblotting to confirm expression of PABPN1. -actin serves as a loading control. Protein extracts from myoblasts infected with retrovirus carrying an empty vector show the level of endogenous PABPN1 in these cells. (B) Representative distribution and graphical representation of bulk poly(A) tails from murine myoblasts expressing wildtype (Ala 10) or expanded (Ala 17) PABPN1. Total RNA was labeled with [ 32 P] cytidine 3 , 5bis(phosphate) using T4 RNA ligase and digested with RNase A/T1. Samples were resolved by electrophoresis in denaturing polyacrylamide gels and exposed to radiographic film. The resulting audioradiogram was scanned to generate the graphical representation shown below which plots the signal intensity relative to polyadenosine tract length. The positions of 100, 200, and 300 nucleotides (nt) are indicated. Cells overexpressing either wildtype (Ala10, green) or expanded (Ala17, purple) PABPN1 show longer bulk poly(A) tails when compared to uninfected myoblasts (blue) or myoblasts infected with control retrovirus (red).
Fig. 4. Models for OPMD pathogenesis
Currently two general models are used to explain how alanine-expanded PABPN1 confers muscle pathology in autosomal dominant OPMD where patients have one normal and one mutant allele of PABPN1. One model suggests that nuclear aggregates cause disease (right column, outlined in red). A second model suggests that loss of PABPN1 function (bottom row, outlined in blue) underlies pathology. Importantly, these models are not mutually exclusive and elements of both could contribute to muscle pathology including the indicated overlap in these models (bottom right, outlined in purple). In considering possible mechanisms by which nuclear aggregates could confer muscle pathology: A) Both wildtype and expanded PABPN1 are predisposed to aggregation [61] , and these nuclear aggregates may directly lead to cellular toxicity and apoptosis; B) the aggregates could sequester poly(A) RNA; and (C) aggregates could sequester a variety of proteins including PABPN1 [63, 66, 68, 69, 114] . The sequestration of critical transcripts and proteins vital for cell function into these aggregates could be responsible for the muscle defects in OPMD through loss of function for PABPN1. Other possible contributions through loss of function include: D) patients with autosomal dominant OPMD have only one copy of wildtype PABPN1 as compared to unaffected individuals raising the possibility that defects observed in OPMD could be a direct result of haploinsufficiency of PABPN1; or E) as the function of alanineexpanded PABPN1 has not been extensively characterized in vivo, mutant PABPN1 might not perform all the cellular functions of wildtype PABPN1 with the same efficiency. This decreased functional capacity could be due to variability in the ability of mutant PABPN1 to interact with critical transcripts or protein partners essential for muscle cell function. 
